Introduction
============

Bacterial aerosols can significantly influence ecology, climate, and public health at both local and globally relevant scales ([@B34]). Despite these important impacts, the diversity of bacteria inhabiting atmospheric ecosystems remains poorly constrained in terms of biogeography, the relative importance of specific sources, and even in comparison to the bacterialdiversity encountered in other more frequently studied aquatic and terrestrial habitats. A recent analysis of bacterial sequence diversity and sampling effort by environment shows that aerosols have been the focus of far less sampling effort than aquatic, terrestrial, built, and host-associated environments ([@B70]). Without understanding bacterial aerosol diversity it is difficult to determine their functional importance to atmospheric chemistry and cloud formation ([@B55]; [@B1]) or the risk of infection ([@B13]). Atmospheric transport of bacteria also provides an essential redistribution mechanism for viable microbes and genetic potential between distinct regions and disparate habitats ([@B61]; [@B69]; [@B50]) making bacterial aerosols a critical factor for understanding the connections driving diversity, and potentially function, in seemingly separate terrestrial and aquatic habitats (e.g., [@B63]). Understanding these bacterial diversity and exchange concepts may be particularly important in relation to public health in crowded urban centers, since they are known to support high viable bacterial aerosol concentrations in the context of highly contaminated terrestrial and aquatic systems ([@B24]).

Like terrestrial and aquatic microbial populations ([@B49]; [@B42]; [@B78]), microbial aerosols appear to have distinct geographic patterns determined by source delivery, environmental selection, and geographic distance or isolation. The mechanisms crafting this pattern in microbial aerosols are understudied in both urban and non-urban environments. [@B10] found that spatial variability in airborne bacterial communities was strongly related to land-use type and source shifts, but not local meteorology- suggesting that source delivery may be a more important driver of bacterial diversity in the atmosphere than environmental growth and selection. Land use patterns and human activity were also found to be an important factor in determining aerosolized urban microbial diversity ([@B5]). Microbial assemblages in terrestrial and aquatic microbial communities, on the other hand, appear to be strongly influenced by environmental gradients at the local level ([@B19]; [@B74]; [@B32]) suggesting that, perhaps more so than in the atmospheric environment, selection based on environmental conditions is a very important driver of bacterial diversity and composition.

At a small geographic scale, [@B46] found that wind speed and wind direction were correlated with high airborne bacterial diversity using 2--3 day moving averages, pointing to proximity of sources and active resuspension as a driver of diversity in urban air. Local meteorological dynamics (wind speed, wind direction) have been shown to aid in the creation of microbial aerosols from local scale aquatic ([@B26]) and terrestrial surfaces ([@B40]). Several studies have also found increased diversity in microbial aerosol samples with low humidity conditions ([@B46]) and increased wind speeds ([@B44]). In general, the atmosphere is often assumed to be more homogenous, or less spatially patchy, than aquatic and especially terrestrial habitats in terms of environmental conditions including access to growth substrates, temperature, and UV exposure. For example, estuaries are characterized by spatially complex environmental gradients, while environmental gradients in the near surface air masses over these estuaries can be more homogeneous. The atmosphere is also expected to be more dilute in terms of concentrations of growth substrates and therefore to support less active bacterial communities than most terrestrial and aquatic habitats. How these assumptions about source density, environmental heterogeneity and *in situ* activity change between the urban and rural atmosphere are poorly constrained, as are the consequences for diversity patterns.

Much of the foundational knowledge of microbial aerosol ecology comes from non-urban sites, including remote terrestrial and oceanic regions, sparsely populated coastlines, and mountaintop observatories e.g., ([@B2]; [@B30]; [@B50]; [@B29]). This work has determined that microbial aerosol communities reflect inputs from both terrestrial and aquatic systems ([@B80]). For instance, air masses over remote marine regions reflect long-distance terrestrial inputs, but also local surface water inputs ([@B80]; [@B50]). The primary mechanism for aerosolization of these aquatic bacteria is through bubbles bursting at the water surface ([@B7], [@B8]). Terrestrial aerosols are generally thought to originate from leaves and soil ([@B10]; [@B68]) and have been described to primarily contain Gram-positive and spore-forming bacteria, such as *Bacillus sp.* ([@B39]; [@B53]), while marine aerosols combine long-distance terrestrial influences with a high abundance of Gram-negative bacteria originating from seawater ([@B62]; [@B17]).

In contrast, our knowledge of microbial diversity and ecology is much less developed in urban regions, especially in the near-surface environment where most microbial exchange and exposure would be expected. The urban environment is thought to harbor distinct microbial aerosols when compared to non-urban areas ([@B6]) and likely a greater number and diversity of local suspension sources. Confirmed sources for urban microbial aerosols include terrestrial, aquatic, and regional atmospheric habitats ([@B3]; [@B13]; [@B31]; [@B47]; [@B11]; [@B33]; [@B24], [@B26]; [@B67]; [@B23]; [@B5]). However, environmental controls on urban microbial aerosols, while perhaps less important than in selection-dominated aquatic and terrestrial ecosystems, can't just be ignored and appear to include season ([@B10], [@B9]; [@B79]; [@B46]), temperature and humidity ([@B46]), land use patterns and human activity ([@B5]), and, on the local scale, wind direction and wind speed ([@B54]; [@B26]). Some studies have also shown urban aerosols to be influenced by contaminated terrestrial and aquatic environments ([@B15]; [@B60]; [@B56]; [@B24], [@B26]; [@B23]).

Despite these studies, our knowledge of urban microbial aerosol communities and their connection to urban aerosolization sources is still quite lacking. To specifically address the potentially bi-directional exchange of bacteria between urban water and air, we simultaneously sampled air and water at 3 urban waterfront sites. This allowed us to evaluate the potential for local connections in waterfront water and air quality. We hypothesized that: (1) the bacterial assemblages in water would be more diverse than in air samples and that air samples would be more uniform across locations, while water would display more local heterogeneity; (2) water and air would harbor distinct dominant bacterial assemblages resulting in greater similarity of water to water, and air to air, across locations; (3) a small subset of taxa would be shared between water and air and when compared among locations, similarity of air to water would be greatest within locations; and (4) urban air would differ from non-urban air, and contain taxa reflecting local sources of urban and, specifically, sewage pollution. While prior cultivation-independent studies have been conducted of both urban water and air separately, to our knowledge this is the first study to simultaneously collect near-surface air and water samples with the purpose of comparing the resulting bacterial community diversity and taxonomic composition.

Materials and Methods {#s1}
=====================

Aerosol and surface water samples were collected from three brackish waterfront sites in New York, NY, United States (Figure [1](#F1){ref-type="fig"}) from Fall 2013 through Summer 2014 (Supplementary Table [S1](#SM1){ref-type="supplementary-material"}). Flushing Bay (FB) is located in northern Queens, NY, United States (40.761858 N, 73.845919 W), surrounded by industrial and commercial sites and frequently contaminated by raw human sewage delivered through a series of combined sewer outflow (CSO) pipes along its banks ([@B81]). Newtown Creek (NC) is a 3.5-mile East River tributary (40.7368528 N, 73.9464472 W) located on the boundary of Queens and Brooklyn, NY, United States that has been used as a shipping canal since the mid-1800's. NC was declared an EPA Superfund site in September 2010 and, like FB, receives frequent CSO inputs ([@B24]). Louis Valentino Pier (LVP) is located in Brooklyn, NY, United States on the Southeast shore of NY Harbor (40.67838 N, 74.01966 W) ([@B26]). The accessibility of sample sites and presence of onshore winds by site was a constraint on sampling, and resulted in variable sampling by site (Supplementary Table [S1](#SM1){ref-type="supplementary-material"}). All water and aerosol samples were taken simultaneously, with the exception of 5 aerosol samples at NC which did not have paired water samples (Fall 2013).

![Urban sampling sites (New York, NY, United States) and wind patterns (direction and speed) during sampling events.](fmicb-09-02868-g001){#F1}

Surface water samples were collected as per [@B27], from the top 0.5 m of the water surface, and placed in 2 L acid-washed and autoclaved sample containers. Aerosol samples were collected using a Coriolis-micro sampler (centrifugal impinger, Bertin Inc., Saint-Aubin, France) by collecting air for 60 min at 250 l min^-1^, as per [@B26]. A Kestrel 4500BT unit with wind vane adjacent (but upwind) to the aerosol sampler logged 1-min temperature, relative humidity, wind speed, and wind direction measurements during sampling. To control for bacterial contamination, the 1.8 m platform housing the Coriolis unit was sterilized with ethanol before deployment. As per [@B26], initial sampling liquid was sterile, endotoxin and DNA-free HyClone water (GE Healthcare, Troy, NY, United States) with 0.005% (final concentration) Triton-X surfactant added to increase sampling efficiency. Sampling liquid was rehydrated every 10 min with sterile HyClone water to replace evaporation losses. After collection, both surface water and aerosol samples were stored in the dark and on ice until processing in the lab.

Both air and water samples were aseptically filtered through a 0.22 μm Sterivex (Millipore/Sigma, Burlington, MA, United States) filter (500 ml surface water, and 12 ml of impinger liquid). Filters were then stored at -80°C. DNA was extracted from filters using Qiagen/MoBio PowerWater extraction kits (Qiagen, Valencia, CA, United States). To control for kit contamination, we also extracted DNA from two blank filters. Amplicon pyrosequencing was then performed on extracted environmental DNA at Molecular Research DNA labs (^[1](#fn01){ref-type="fn"}^MRDNA, Shallowater, TX, United States), using a protocol described by [@B22] to determine bacterial community composition. Briefly, parallel sequencing reactions were prepared from each DNA extraction using the eubacterial primer 27F. The DNA was amplified through a single-step 30-cycle PCR using HotStarTaq Plus Master Mix Kit (Qiagen, Valencia, CA, United States). PCR was performed under the following conditions: 94°C for 3 min, followed by 28 cycles of 94°C for 30 s; 53°C for 40 s and 72°C for 1 min; after which a final elongation step at 72°C for 5 min was performed. All amplicon products were then mixed in equal concentrations, purified using Agencourt Ampure beads (Agencourt Bioscience Corporation, MA, United States), and sequenced using Roche 454 FLX titanium instruments and reagents, following manufacturer's guidelines.

The resulting sequence files were processed with a custom pipeline based on the Mothur 454 SOP ([@B71]). In brief, raw sequence files were denoised using PyroNoise ([@B65]), then trimmed, requiring a sequence minimum length of 200 and allowing for 1 mismatch to the barcode and 2 mismatches to the primer. Then sequences were aligned against the SILVA reference database. Chimeras were detected and removed using UCHIME ([@B28]). OTUs were assigned at the 97% identity threshold, using the average neighbor algorithm, then taxonomically classified using the Mothur-formatted version of the Ribosomal Database Project training set ([@B18]). Our study was focused on bacteria and all sequences classified as "Chloroplast," Mitochondria," "Archaea," or "unknown" were separated from the bacterial dataset for downstream analyses. To control for contamination, any bacterial OTUs found in blank extractions were removed from downstream analyses. Final sequence files can be found under BioSample accession \#'s SAMN10288370 -- SAMN10288425 ^[2](#fn02){ref-type="fn"}^. For comparison purposes, bacterial sequences detected in water and air at a non-urban coastal site (Maine, United States) using methods described in [@B27] and data previously reported in [@B29] were also processed using the above custom pipeline, and were included in some downstream analyses.

Upon completion of the sequence processing, sequences were combined with environmental metadata for analysis in phyloseq ([@B52]), a microbiome analysis package in [@B66]. We ran these analyses on both rarefied and non-rarefied data to test for effects from varying sequencing depths, since aerosol libraries were generally smaller than water surface libraries. We did not remove rare OTUs from these analyses. Alpha and beta-diversity statistics visualizations were acquired using phyloseq and ggplot2 ([@B77]). Venn diagrams were created using the VennDiagram R package ([@B16]). Statistical tests of differences in diversity (using Shannon's H index) and similarity (using Bray-Curtis Dissimilarity) between habitats and sites were performed in the stats ([@B66]), ggpubr ([@B45]), and vegan ([@B58]) R packages. Specifically, ANOVA and Tukey *post hoc* analyses were run on multiple-site comparisons and Wilcoxon tests were run on water vs. air comparisons, with statistical signficance assigned at *p* \< 0.05. Ordination plots were designed using principal coordinates analysis of a Bray-Curtis Dissimilarity matrix, and euclidean distance calculations were used to construct cluster ellipses. Phylogenetic clustering was evaluated using the Mean Pairwise Distance (selection-based clustering) and Mean Nearest Taxon Distance (abiotic-based selection) indices (PhyloMeasures R Package) ([@B73]; [@B82]).

DESeq2 was used to identify over-represented taxonomic groups in water vs. air ([@B48]). Indicator species analysis was performed on water samples by site with the indicspecies R package ([@B20]). Aerosol libraries were then interrogated for the presence of water-indicating species as a means to evaluate water surfaces as a source for urban aerosols. Source analysis for sewage-associated bacteria was performed in phyloseq using bacterial types identified in previous literature as representative of both sewage and sewage infrastructure ([@B13]; [@B72]; [@B76]; [@B75]; [@B14]; [@B37]; [@B51]; [@B6]; [@B57]; Supplementary Table [S2](#SM1){ref-type="supplementary-material"}). After identifying sewage-associated OTUs, representative sequences were chosen using Mothur and BLASTed against the NCBI nucleotide database. Environmental sources for the top 10 hits for each representative sequence of the 50 most abundant OTUs were then recorded to further evaluate sewage-association of these OTUs (Supplementary Table [S3](#SM1){ref-type="supplementary-material"}).

Results
=======

Most urban waterfront sampling occurred under onshore wind conditions, which were primarily from the North at all sites (Figure [1](#F1){ref-type="fig"}). Wind speeds varied from calm to 11 m s^-1^, with highest winds speeds measured at LVP and lowest at NC (Figure [1](#F1){ref-type="fig"}). Mean air temperature during sampling at these sites ranged from 9.6 to 18.1°C (Supplementary Table [S1](#SM1){ref-type="supplementary-material"}), while water temperatures ranged from 8.9 to 15.9°C. All surface waters were brackish, with salt concentrations from 17.7 to 20.9 ppt.

Our sequence quality pipeline yielded a total of 77,262 sequences from 454 pyrosequencing of 16S rRNA in water and aerosol samples. OTU analysis indicated diverse microbial assemblages in both water and air, resulting in 8,927 OTUs (3,648 in water and 6,137 in air) at the level of 97% identity. The aerosol bacterial communities harbored more "rare" OTUs than water bacterial communities, as demonstrated by rank-abundance curves (Supplementary Figure [S2](#SM1){ref-type="supplementary-material"}). Rarefaction curves (Figure [2A](#F2){ref-type="fig"}) and alpha diversity estimates (Figures [2C](#F2){ref-type="fig"}--[E](#F2){ref-type="fig"}) for the urban environment demonstrated that OTU richness and diversity were significantly higher, by site, for aerosols (mean Shannon's H index: 5.1 ± 0.1) when compared to water samples (mean Shannon's H index: 3.8 ± 0.1), especially for the high wind aerosol samples taken from LVP (Figure [2D](#F2){ref-type="fig"}). LVP aerosols were significantly more diverse than FB aerosols, but not NC aerosols (ANOVA, Tukey *post hoc, p* \< 0.05). In contrast, water community diversity showed no difference across sites (ANOVA, *p* \> 0.05). Analysis performed on rarefied sequence libraries resulted in similar results in terms of relative differences between water and air, but Shannon's H indices were lower (aerosols: 4.2 ± 0.03, water: 3.1 ± 0.2) (Supplementary Figure [S4](#SM1){ref-type="supplementary-material"}).

![Rarefaction curves by habitat in the urban environment (New York, NY, United States) **(A)** and non-urban environment (Coastal Maine) **(B)**; and alpha diversity estimates of paired aerosol and water samples by site **(C--E)**. Aerosol bacterial communities are significantly more diverse than water at all sites, according to Wilcoxon test (FB: *p* \< 0.001, LVP: *p* \< 0.05, and NC: *p* \< 0.01).](fmicb-09-02868-g002){#F2}

While the pattern of higher diversity in aerosols than water was consistent across the three urban sites, it was quite different from the pattern observed at a non-urban coastal site in Maine, where water was found to have much higher species richness with sampling effort (Figure [2B](#F2){ref-type="fig"}). By comparison, the aerosol samples from coastal Maine were also less diverse than urban air in this study, while the water samples from coastal Maine were more diverse than urban water from this study (Figure [2B](#F2){ref-type="fig"}).

Bacterial community membership for both water and aerosols was highly diverse, dominated at the phylum level by Verrucomicrobia, Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, and Acidobacteria (Supplementary Figure [S1](#SM1){ref-type="supplementary-material"}). Dominant OTUs included bacteria commonly associated with aquatic (e.g., *Planktomarina sp.*), terrestrial (e.g., *Bacilli sp.*), and sewage (*Arcobacter sp., Trichococcus sp.*) sources (Figure [3A](#F3){ref-type="fig"} and Supplementary Table [S2](#SM1){ref-type="supplementary-material"}). A total of 46 OTUs were ubiquitous, meaning they were found at all sites and in both water and air habitats (Table [1](#T1){ref-type="table"}). These ubiquitous OTUs represented only 5% of the aerosol sequence library but represented 34% of the water sequence library. They included organisms that have commonly been associated with sewage such as *Arcobacter, Romboutsia*, and *Zoogloea* (Table [1](#T1){ref-type="table"} and Supplementary Table [S2](#SM1){ref-type="supplementary-material"}).

![Bacterial communities in surface water and aerosols. **(A)** Dominant top 50 aerosol and water surface OTUs by genus and site. Superscript key: a = taxa belongs to DESeq2-determined over-represented group in aerosols; w = taxa belongs to DESeq2-determined over-represented group in water. **(B)** Aerosol OTU distribution across sites (Flushing Bay (FB) *n* = 25,168 sequences (15 samples); Louis Valentino Pier (LVP) *n* = 20,220 sequences (4 samples); Newtown Creek (NC) *n* = 27,496 sequences (11 samples), **(C)** Water OTU distribution across sites (FB *n* = 37,981 sequences (15 samples); LVP *n* = 14,699 sequences (4 samples); NC *n* = 23,154 sequences (8 samples).](fmicb-09-02868-g003){#F3}

###### 

Taxonomic assignment of OTUs that were detected at all urban sites, and in both air and water habitats at those sites.

  -------------------- ----------------------------------- -------------------- --------------------------------
  **Proteobacteria**                                       **Actinobacteria**   
  Otu00031             Loktanella                          Otu00176             Mycobacterium
  Otu00027             Loktanella                                               
  Otu00003             Planktomarina                       **Bacteroidetes**    
  Otu00036             Sulfitobacter                       Otu00094             Bacteroides
  Otu00097             Unclassified Rhodobacteraceae       Otu00121             Prevotella
  Otu00075             Candidatus\_ Pelagibacter (SAR11)   Otu00654             Flavobacterium
  Otu00606             Sphingorhabdus                      Otu00180             Flavobacterium
  Otu00076             Unclassified Alphaproteobacteria    Otu00619             Flavobacterium
  Otu00590             Unclassified Alcaligenaceae         Otu00251             Flavobacterium
  Otu00965             Caenimonas                          Otu00156             Flavobacterium
  Otu00153             Hydrogenophaga                      Otu00527             Flavobacterium
  Otu00138             Hydrogenophaga                      Otu00070             Polaribacter
  Otu00297             Polaromonas                         Otu00185             Ulvibacter
  Otu00287             Rhodoferax                          Otu00023             Unclassified Flavobacteriaceae
  Otu00116             Simplicispira                       Otu00122             Unclassified Flavobacteriaceae
  Otu00526             Unclassified Comamonadaceae         Otu00039             Unclassified Flavobacteriaceae
  Otu00200             Rivicola                            Otu00044             Winogradskyella
  Otu00361             Zoogloea                            Otu00762             Unclassified Flavobacteriales
  Otu00109             Unclassified Betaproteobacteria                          
  Otu00055             Arcobacter                          **Firmicutes**       
  Otu00680             Arcobacter                          Otu00234             Romboutsia
  Otu00510             Arcobacter                                               
  Otu00189             Arcobacter                          **Fusobacteria**     
  Otu00017             Arcobacter                          Otu00390             Unclassified Fusobacteriaceae
  Otu00040             Aeromonas                                                
  Otu00029             Tolumonas                                                
  Otu00096             Tolumonas                                                
  Otu00282             Rhizobacter                                              
  -------------------- ----------------------------------- -------------------- --------------------------------

Dominant aerosol OTUs were typically shared across sites and found in similar relative abundances (Figure [3A](#F3){ref-type="fig"}), however, the majority of aerosol OTUs were unique to site (Figure [3B](#F3){ref-type="fig"}). In water, dominant OTUs were often shared and had similar relative abundances, but a smaller portion of OTUs were unique to sites in water, as compared to aerosols (Figures [3B,C](#F3){ref-type="fig"}). In aerosols, 533 OTUs (representing 9% of the aerosol sequence library) were found at all three sites. LVP aerosols harbored the highest percentage of shared OTUs (22%) and NC aerosols had the least (17%). For water surfaces, 337 OTUs (representing 12% of the water sequence library) were shared among all three sites. LVP water harbored the highest percentage of shared water OTUs (34%) and FB water had the least shared OTUs (17%).

Of the 533 aerosol OTUs shared across sites (Figure [2B](#F2){ref-type="fig"}), 164 (31%) were found only in aerosols, and not in water. These aerosol-unique OTUs represented 10% of the entire aerosol library, with relatively even representation across sites (11% of FB, 10% of LVP, and 9% of NC). However, the relative abundance of individual aerosol-unique OTUs did vary across sites (Figure [4](#F4){ref-type="fig"}). Overall, dominant OTUs from water occurred at very different frequencies in aerosol samples, and vice versa (Figure [3A](#F3){ref-type="fig"}), causing the bacterial assemblage in air to be more similar across sites, than water to air at a single site (Figures [5A,B](#F5){ref-type="fig"}). Water samples had significantly higher phylogenetic diversity within samples than aerosols, providing evidence for stronger selection on microbial communities in water as opposed to air (Supplementary Figures [S5](#SM1){ref-type="supplementary-material"}, [S6](#SM1){ref-type="supplementary-material"}) (*p* \< 0.01). However, it's worth noting that aerosols also had clustering results indicating some level of selection within site (Supplementary Figures [S5](#SM1){ref-type="supplementary-material"}, [S6](#SM1){ref-type="supplementary-material"}). Water samples were significantly more similar to other water samples than aerosols were to other aerosol samples (Figure [5B](#F5){ref-type="fig"}, Wilcoxon test, *p* \< 0.05). When considering the entire bacterial assemblage. a similar pattern was found, with distinct clusters evident by site and habitat type (Figure [6](#F6){ref-type="fig"}) using principal coordinates analysis and the Bray-Curtis Dissimilarity Index.

![OTUs (collapsed by genera and limited to those representing \>0.2% of total library) unique to air (not found in water) but shared across all 3 sites. c = present in cloud DNA, ca = present in cloud DNA and RNA ([@B1]).](fmicb-09-02868-g004){#F4}

![Similarity analyses (1/Bray dissimilarity) of **(A)** individual aerosol samples compared to water samples (paired samples, unpaired samples (by site), all sites pooled), and **(B)** aerosols to aerosols and water to water at each site. \[**A**: no significant difference (ANOVA), **B**: *p* \< 0.0001 (Wilcoxon test)\].](fmicb-09-02868-g005){#F5}

![Beta diversity \[principal coordinates (multidimensional scaling) analysis\] of water and aerosol samples across sites. Percentages in axes represent % of variation explained by that axis. Ellipses calculated using Euclidean distance (ggplot2, R package).](fmicb-09-02868-g006){#F6}

Water and air samples shared key taxa and showed signs of sewage contamination. Differential abundance analysis (DESeq2) identified distinct over-represented taxa in water and aerosol libraries (Supplementary Figure [S3](#SM1){ref-type="supplementary-material"}), which were present in the dominant taxa (Figure [2A](#F2){ref-type="fig"}), the aerosol-unique library (Figure [4](#F4){ref-type="fig"}) and the ubiquitous (all sites, all habitats) library (Table [1](#T1){ref-type="table"}). Similarly, indicator species analysis identified OTUs deemed to be statistically characteristic of each site. These water-indicating OTUs were found to be more prevalent in the matching site's aerosols as compared to other site's aerosols (Table [2](#T2){ref-type="table"}). Sewage-associated bacteria were found in both water and air at all sites (Figure [7](#F7){ref-type="fig"}). Representative sequences for dominant sewage-associated OTUs confirmed sewage association assumptions through BLAST results (Supplementary Table [S3](#SM1){ref-type="supplementary-material"}), having also been detected in sewage sludge, human feces, wastewater, feces contaminated river water, and other sewage-related sources. Aerosol libraries contained a higher relative abundance of sewage-associated bacteria (∼1%) than water surfaces (∼0.3%). All sewage-associated bacteria found in water samples were also detected in aerosols, including *Bacteroides, Faecalibacterium, Trichococcus, Blautia, Bifidobacterium*, and *Aeromonas* (Supplementary Table [S2](#SM1){ref-type="supplementary-material"}). Aerosols additionally contained *Anaerofilum, Clostridium, Butyrivibrio, Dorea, Dysgonomonas*, and *Ruminococcus* (Supplementary Table [S2](#SM1){ref-type="supplementary-material"}).

###### 

Percentages of water-specific indicator OTU's in aerosol libraries.

              FB Air   LVP Air   NC Air
  ----------- -------- --------- --------
  FB Water    0.0126   0.0003    0.0000
  LVP Water   0.0121   0.0039    0.0005
  NC Water    0.0011   0.0002    0.0011

Note that air at each site harbors more of its own water's indicators than it does of other site's indicators

.

![Relative abundance of sewage-associated bacterial sequences in water and air at each site.](fmicb-09-02868-g007){#F7}

Discussion
==========

Urban Bacterial Aerosols Are More Diverse Than Urban Surface Water Bacterial Communities
----------------------------------------------------------------------------------------

In general, diversity of microbial aerosols is thought to reflect dominant source ecology more than environmental selection ([@B9]). Since air is a combination of all surface sources (aquatic and terrestrial) and its own community, we would expect diversity of bacterial aerosols to reflect the diversity of these systems combined. The soil environment is known to be heterogeneous, rich in substrates, and supports the highest bacterial diversity relative to sampling effort when compared to other habitats ([@B64]). Aquatic environments, which are sometimes viewed as more environmentally homogeneous than soil, harbor bacterial communities that have been found to be less diverse than soil relative to sampling effort ([@B70]), however, estuarine environments, relative to some other aquatic systems, are known to have complex environmental gradients and sharp transitions in diversity ([@B19]). It would follow, then, that air, a much more dilute fluid (and presumably much better mixed) than water, might harbor less diverse and more homogenized bacterial communities than found in water. This remains largely speculative since the atmosphere has been the focus of far less sampling effort ([@B70]). In addition, soil and coastal waterways are generally considered to harbor highly active microbial communities subject to potentially high rates of growth and selection (e.g., [@B19]), while atmospheric environments harbor less active communities and might be expected to have less spatially variable selection dynamics. Constrained activity and selection, combined with the assumption of more spatially homogeneous environmental conditions in the lower atmosphere, lead to our expectation of lower diversity and more spatially homogenous patterns of diversity in the urban atmosphere compared to urban waterways.

Bacterial aerosols in this study were consistently more diverse than water surface communities from the same local urban environment, contrary to our initial expectation. This was in spite of the fact that most aerosol libraries were smaller than water libraries. Furthermore, urban aerosols harbored rarer OTUs than water surfaces, suggesting that the rare biosphere plays a major role in aerosol diversity. Perhaps the high levels of diversity should not be surprising, as [@B78] argued that despite common perceptions air must be considered a diverse and active microbial habitat. They also pointed out the lack of data to inform these assumptions and the infancy of microbial diversity and biogeography studies relative to terrestrial and aquatic habitats.

Our study provides a unique pairwise comparison of urban air and water and supports the important role of air as a microbial habitat in need of additional study. Despite the higher diversity of microbial communities in air, water samples in our study were found to be less similar across locations (Figure [5B](#F5){ref-type="fig"}) than air, with water displaying greater clustering within samples than air (Supplementary Figures [S4](#SM1){ref-type="supplementary-material"}, [S5](#SM1){ref-type="supplementary-material"}). This is consistent with stronger selection, responding to greater spatial heterogeneity in environmental conditions, in water as compared to air. The relative influence of selection in water vs. air is of great interest and not yet clearly resolved in the literature. Additionally, the phylogenetic clustering in air, while less than in water, does still suggest a role of selection in air and is again consistent with [@B78] view of air as a living habitat.

The primary goal of this study was to provide a relative comparison of diversity in paired water and air samples from New York City, however, as there have been relatively few bacterial aerosol studies focused on diversity patterns it is also useful to compare these results to prior studies. Caution must be used, however, in comparing diversity across studies, as the relative sampling effort and methodological approaches can create important constraints on these comparisons. The mean Shannon's H for urban waterways in our study was lower than previously reported diversity analyses of urban river waters in the Zenne River (Brussels, Belgium) ([@B36]), but similar to those reported from polluted sites along the Santa Ana River Watershed (California, United States) ([@B43]). The bacterial diversity of urban aerosols in this study was more than 2 times higher than those previously reported in marine aerosols ([@B80]), non-urban coastal waterfront aerosols ([@B30]), and in the pm 2.5 fraction of urban, rural, and high-alpine air ([@B21]). These data, including the high percentage of aerosol OTUs that were unique by site, suggests that there are diverse and important aerosol sources from the local urban environment (near-surface, short-distance transport) and reinforces the view of air as an important microbial habitat and reservoir of substantial genetic diversity.

In addition to sampling effort and amplicon sequencing methods, the differences in reported bacterial aerosol diversity from our study compared to prior literature may be partially related to sampling height. The high diversity of urban near-surface bacterial aerosols likely relies heavily on local mechanical interactions that create large particles with short residence times, and therefore bacteria associated with these larger particles wouldn't be detected by sampling conducted at higher altitudes. Our sampling was conducted at 1.8 m, whereas other reported aerosol samples were conducted from a tower ([@B30]), high altitudes ([@B21]), and from atop a research vessel ([@B80]). As it is assumed that surface suspension is a driving factor in bacterial aerosol concentrations, it is not surprising that near surface sampling may yield high diversity. This reinforces the importance of near-surface processes in understanding aerosol dynamics. In the waterfront environments included in this study, the terrestrial-air-water interface may itself create an "edge effect," setting up an ecotone in near surface air that may harbor a higher diversity of bacteria than the water itself and the higher-altitude air above it. Interestingly, studies of bacterial community structure and membership in the atmosphere display a similar pattern (just in reverse) to depth patterns identified in the oceans., In oceanic systems, near-surface bacterial communities appear to be structured through different selection processes than those in deep ocean water ([@B38]). The same may be true in the atmosphere, with boundary-layer microbial communities facing different selection pressures than free troposphere communities are experiencing ([@B83]).

Since differences in diversity may be related to local sources, as well as selection driven by environmental heterogeneity, it is perhaps not surprising that higher diversity would be observed in urban aerosols where a large number of distinct aerosol sources would be expected. For example, urban aerosol diversity was higher than samples retrieved from a coastal Maine waterfront and in other waterfront sampling (e.g., [@B30]). Sources require suspension mechanisms, so it would be expected that levels of bacterial diversity in urban aerosols may significantly change with environmental conditions that control aerosolization from surfaces, including wind speed ([@B54]; [@B26]). In this study, wind speed does seem to have contributed to the higher bacterial aerosol diversity observed at the LVP site and may contribute to the observed heterogeneity across sites.

Urban Water and Aerosol Bacterial Communities Are Distinct
----------------------------------------------------------

Bacterial communities in water and air in this megacity were dominated by 6 phyla: Verrucomicrobia, Proteobacteria, Firmicutes, Bacteroidetes, Actinobacteria, and Acidobacteria. These phyla are commonly reported for urban microbial aerosols (e.g., [@B46]). The ubiquity of common soil and aquatic bacteria in water and air across all sites suggests a strong bacterial exchange component between water, air, and terrestrial systems in the urban environment. For instance, *Planktomarina, Aliiroseovarius*, and SAR11, common water bacteria, were present in both the water and the air. *Bacillus* and *Microbacteraceae*, common soil organisms, were also found in both. Despite these common sources, urban air and water bacterial communities were still quite distinct, both from each other and from non-urban waterfront aerosols. In the urban environment, water samples had bacterial communities that were more similar to each other than air samples. This, again, is surprising given the assumption that water would be less homogeneous than air in terms of mixing. The taxonomic diversity of air was certainly not low in diversity or highly homogeneous, as initially expected. The majority of aerosol OTUs were unique to a site. This suggests that substantial effort will be required to understand the diversity of urban air, and that the connections between bacterial diversity and function from a geochemical or public health perspective will be difficult to constrain due to the potential of the rare OTUs in urban air to have functional significance.

Atmospheric environments appear to have a high capacity for environmental selection, rather than just local source delivery, to influence the observed aerosol diversity. We found that many genera unique to urban aerosols (and present at all sites) were also recently found to be present and metabolically active in clouds ([@B1]; Table [1](#T1){ref-type="table"} and Figure [4A](#F4){ref-type="fig"}), suggesting that these bacterial genera may constitute a distinct bacterial aerosol community. Interestingly, our near-surface aerosol samples were lower in bacterial diversity than those detected in clouds ([@B1]), at high altitude, which may have to do with the singular habitat that clouds provide to bacterial aerosols. In the near-surface environment, fog plays a similar role, promoting viability and increased diversity of bacterial aerosols ([@B25]). Our non-foggy urban aerosols were clearly more diverse than rural non-foggy Coastal Maine aerosols, but when fog was present in coastal Maine, bacterial aerosol community diversity matched our urban aerosol sample diversity ([@B29]).

Local Contamination of Water and Air Affects Air Quality in the Urban Environment
---------------------------------------------------------------------------------

Near-surface air and water surfaces are known to share bacterial communities ([@B26]). Urban waterways may function as sources for bacterial aerosol concentrations and diversity. Many of the ubiquitous bacteria in this study (present at all urban sites, in both water and air) were clearly of aquatic origin, as were many of the dominant OTUs present in water and air in the urban environment. This could be due to long-distance transport and influences from the ocean and remote aquatic surfaces ([@B50]), but results from the DESeq2 and Indicator Species analyses (outlining dominance and presence of habitat-distinct taxa in both water and air) indicate strong influences on bacterial aerosols from local aquatic sources as well.

In crowded urban centers, the aquatic environment is frequently contaminated with sewage (treated and untreated), and therefore may be a source of sewage contamination (including pathogenic bacteria and viruses) to urban air. Once aerosolized, sewage microbes can move from water to air, and from air to water, although the original source of sewage contamination is wastewater ([@B59]). In this study, we found evidence of sewage contamination in both water and air, at all sites, demonstrating a local connection between water quality and air quality in the urban environment. Furthermore, urban aerosols contained sewage-associated bacteria that were not reflected in the local waterways --suggesting sewage sources other than local contaminated waterways. These aerosolization sources could include nearby waste treatment plants ([@B12]; [@B41]; [@B35]), aerosolized biosolids ([@B4]), or animal waste ([@B11]).

To our knowledge, this is the first study to compare simultaneously collected water and air samples in an urban environment on the local scale using amplicon sequencing tools. Our results support the view of [@B78] of air as a rich microbial habitat, not just a conduit for transport, with the potential to harbor diversity greater than some terrestrial and aquatic habitats. Given our findings, including higher bacterial diversity in urban aerosols than in urban water, it is clear that more research on this scale should be conducted to better understand the extent to which bacterial exchange occurs between urban water and air, and under what conditions. This research will greatly expand our current grasp not only on urban bacterial biogeography but also our ability to understand human health implications from this distribution, and to make management decisions that mitigate risk.
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